niae explains variation in antibiotic resistance among pneumococcal lineages through variation 48 in duration of carriage 3 , which itself is a heritable bacterial trait 6, 7 . Theory suggests that the 49 effect resistance has on the fitness of a lineage in species that are mainly carried asymptomat-50 ically, such as S. pneumoniae, depends on the lineage's duration of carriage 3 . This is because 51 these bacteria are primarily exposed to antibiotics prescribed for other infections ('bystander 52 selection' 8 ) and the per-carriage-episode probability of antibiotic exposure is therefore greater 53 for longer carriage episodes. Strains with a long duration of carriage thus gain more from being 54 3 resistant to antibiotics. This model therefore predicts a positive association between resistance and duration of carriage in bacterial species like S. pneumoniae. The carriage duration of pneu-56 mococcal serotypes is indeed positively correlated with their resistance frequencies in multiple 57 datasets 3 . The 'genetics as limiting factor' hypothesis, on the other hand, is supported by the 58 observed positive association between levels of antibiotic resistance and recombination in the 59 pneumococcus 2,9,10,11 .
60
The interpretation of these results is complicated by the observation that there is also an 61 association between duration of carriage and HGT rate. Chaguza et al. find a positive correlation 62 between the duration of carriage and HGT rate of pneumococcal serotypes 12 . This association 63 raises the possibility that one of the other two associations could be confounded ( Figure 1 ). In 64 other words, it is possible that the association between resistance and HGT rate is not causal 65 and arises because long duration of carriage causes both high resistance and high HGT rate.
66
Similarly, it is also possible that the association between resistance and duration of carriage is 67 itself not causal and arises because long duration of carriage causes high HGT rate, which in 68 turn causes high resistance frequency.
69
In this paper, using a large pneumococcal isolate collection which combines epidemiolog-70 ical and genetic data, we investigated the relationship between antibiotic resistance, HGT rate 71 and duration of carriage in a unified analytic framework. By testing which of the two properties 72 of interest -HGT rate or duration of carriage -is the better predictor of per-lineage antibiotic 73 resistance frequency, we assessed the relative importance of the 'everything is everywhere' and 74 'genetics as limiting factor' perspectives in pneumococcal resistance dynamics. The data were 75 collected as part of a longitudinal study of pneumococcal carriage in a refugee camp on the Figure 1 : Schematic of the two possible explanations for variation in levels of antibiotic resistance between bacterial lineages. The first hypothesis is that lineages with high HGT rate have high resistance frequencies because they acquire resistance determinants at a higher rate. The second hypothesis is that lineages with a long duration of carriage have high resistance frequencies because resistance is more beneficial to these lineages (because longer duration of carriage translates into a greater probability of antibiotic exposure per carriage episode). Positive associations have been observed between all three variables (resistance, HGT rate and duration of carriage). If the first hypothesis is correct, the association between resistance and duration of carriage could be confounded by the causal path through HGT rate. If the second hypothesis is correct, the association between resistance and HGT rate could be confounded by the causal path through duration of carriage; in this case, these associations will not be robust to adjusting for the confounded variable. Taken together, these results provide strong support for an association between duration of 130 carriage and resistance, which is robust to adjusting for the rate of HGT. Conversely, we found : Kendall rank correlation (τ ) between sequence cluster (SC) resistance to each antibiotic and duration of carriage (unadjusted and adjusted for HR or GM); SC resistance to each antibiotic and HR (unadjusted and adjusted for duration of carriage); and SC resistance to each antibiotic and GM (unadjusted and adjusted for duration of carriage). Opaque error bars represent 95% confidence intervals while transparent error bars represent 99% confidence intervals; both were computed by bootstrapping (see Supporting Information). SCs with fewer than 5 episodes of carriage were excluded, giving a sample size of 42 SCs.
only weak evidence for an association of homologous recombination and resistance, which
